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The use of wireless communication devices, such as tablets or laptops, is increasing among
children. Only a few studies assess specific energy absorption rate (SAR) due to exposure from
wireless-enabled tablets and laptops, in particular with Worldwide Interoperability for Microwave
Access (WiMax) technology. This paper reports the estimation of the interaction between an E-
shaped patch antenna (3.5GHz) and human models, by means of finite-difference time-domain
(FDTD) method. Specifically, four different human models (young adult male, young adult female,
pre-teenager female, male child) in different exposure conditions (antenna at different distances
from the human model, in different positions, and orientations) were considered and whole-body,
10 and 1 g local SAR and magnetic field value (Bmax) were evaluated. From our results, in some
worst-case scenarios involving male and female children’s exposure, the maximum radiofrequency
energy absorption (hot spots) is located in more sensitive organs such as eye, genitals, and breast.
Bioelectromagnetics. 39:414–422, 2018. © 2018 Wiley Periodicals, Inc.
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INTRODUCTION

The use of wireless communication devices,
such as tablets or laptops, is increasing among
children. Worldwide Interoperability for Microwave
Access (WiMax) is a communication system based on
IEEE 802.16 [2004], belonging to fourth generation
(4G) technology with well-known Long-term Evolu-
tion (LTE). Mobile WiMAX technology is an ideal
means for a new generation of mobile Web applica-
tions since it allows mobile client machines to be
connected to the Internet. The effects of electromag-
netic (EM) radiation in the human body from
communication devices have increasingly been taken
into consideration in recent years. Specific absorption
rate (SAR) is a standard dosimetric parameter
[ICNIRP, 1998] for exposure to EM fields between
100 kHz and 10GHz. SAR quantifies the absorbed
energy providing whole-body heat stress and exces-
sive localized tissue heating. Furthermore, SAR is
proportional to the square of the internal electric field.

The International Commission on Non-Ionizing
Radiation Protection (ICNIRP) has defined some
reference levels from basic restrictions on induced

whole-body-averaged SAR and peak 10 g spatial-
averaged SAR [ICNIRP, 1998] to avoid potentially
adverse health effects of EM fields in radiofrequency
(RF) range (up to 300GHz). The ICNIRP guidelines
have been adopted by most countries. Generally,
long-term EM field exposure is not considered in
these guidelines, since consistent induction of cancer
is not established. For this reason, ICNIRP guidelines
consider only short-term, immediate health effects,
such as elevated tissue temperatures resulting from
absorption of energy during exposure to EM fields.
These effects are produced above a certain threshold
and this allows for setting some exposure limits for
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protectionist purposes. The ICNIRP exposure limits
are based on available experimental evidence indicat-
ing that exposure of resting humans for approximately
30min to EM fields produces a whole-body SAR of
between 1 and 4W/Kg, resulting in a body tempera-
ture increase of less than 1 8C. The limit for whole-
body SAR is then reduced to 0.08W/kg (1/50 of 1
degree heating) for the general public to account for
sensitive subpopulations such as children and the
elderly. Moreover, the limit for localized 10 g spatial-
averaged SAR is set to 2W/kg for the head and trunk
and 4W/kg for the limbs [ICNIRP, 1998].

More recent research has occurred in the field of
EM exposure of children in addition to adults, without
any firm conclusion. Morgan et al. [2014] concluded
that children absorb a greater amount of microwave
radiation than adults. Foster and Chou [2014] stated
that age-related differences observed in worst case
simulations are difficult to generalize to human
populations under real-world exposure conditions.
Several recent publications on cell phone dosimetry in
children [Juutilainen et al., 2009; Christ et al., 2010a;
Morris et al., 2015] reported higher SAR for child-
ren’s brains compared to adults. Furthermore, Harris
et al. [2011] reported results of numerical dosimetry
for adult and children models exposed to signals of
several wireless communication systems (UMTS,
WiMax, and Bluetooth): they found that whole-body
and localized SAR were lower than ICNIRP limits in
all exposure conditions. On the other hand, whole-
body average SAR values and local SAR for children
were found to be higher than those of adults, under
several exposure scenarios.

Actually, it is not only important to evaluate
differences in SAR values between children and
adults; rather, it is essential to foresee any “hot spots”
that occur with RF exposure in the most sensitive
parts of the body, such as eyes and genitals [Singh
and Kapoor, 2014; Asghari et al., 2016].

The presence and position of these “hot spots”
depend on the geometry and composition of the
human body which are vary different with age and sex
[Christ et al., 2010a; Markov and Grigoriev, 2015].

Currently, the most widely accepted computa-
tional method for SAR modeling is the finite-differ-
ence time-domain (FDTD) algorithm [Yee, 1966;
Fern�andez-Rodr�ıguez et al., 2015]: it offers great
flexibility in modeling the inhomogeneous structures
of anatomical tissues and organs with the possibility
of estimating local SAR and detecting any “hot
spots.”

This paper reports the estimation, by means of
FDTD method, of the interaction between an E-
shaped patch antenna that works at 3.5GHz (WiMax)

and four different human models (young adult male,
young adult female, pre-teenager female, male child)
in different exposure conditions (antenna at different
distances from the human model, in different positions
and orientations), in terms of whole-body, 10 and 1 g
local SAR, and magnetic field B.

METHODS

Antenna Model

In this study, E-shaped microstrip patch antenna
was considered [Ramya et al., 2014]. Microstrip
antennas have been used in the mobile phone and
tablet market since they are low cost, easily fabri-
cated, and have a low profile. The patch antenna had a
global size of 25.7� 20.4mm2 and consisted of three
layers: the ground plane, dielectric, and patch. The
ground plane was made of perfect electric conductor
(PEC). The dielectric was made of FR4 (NEMA,
Rosslyn, VA) with thickness of 3.2mm and a dielec-
tric constant of er¼ 4.6. The patch was made of
copper with thickness of 0.7mm. The antenna worked
at a frequency of 3.5GHz for WiMax. A sinusoidal
voltage source (@ 3.5 Ghz, 1V, 50V) was placed on
the patch surface as feed. The coefficient reflection
S11 was—18.3 dB and VWSR¼ 1.28. The efficiency
of the antenna was about 98.5% and its gain was
3.56 dBi. In Figure 1 (top), the patch antenna is shown
and all dimensions are listed.

Human Models

Four available realistic human models (Duke,
Ella, Billie, Thelonious) were used in our simulations.
The models belonged to the Virtual Population (ViP)
[Christ et al., 2010b] and were based on high
resolution magnetic resonance (MR) images of
healthy volunteers. Duke was a young adult male (age
34, height 1.77m, mass 70.2 kg, BMI 22.4 kg/m2, 146
tissues), Ella was a young adult female (age 26, height
1.63m, mass 57.3 kg, BMI 21.5 kg/m2, 76 tissues),
Billie was a pre-teenager female (age 11, height
1.49m, mass 34.0 kg, BMI 15.4 kg/m2, 112 tissues),
and Thelonious was a male child (age 6, height
1.15m, mass 18.6 kg, BMI 14.1 kg/m2, 76 tissues).
The dielectric constant and conductivity for each
specific tissue were calculated at 3.5GHz [ITIS]. All
the models were in standing position with arms by
their side.

Numerical Simulations

All numerical simulations were performed with
FDTD method using commercially available software
XFdtd (Remcom, State College, PA). In our simula-
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tions, an automatic non-uniform mesh was chosen
with a maximum cell size of 2� 2� 2mm and a
minimum of 1� 1� 1mm in the model volume. A
time step of 3.84 ps was chosen, and the simulation
was run for 100,000 steps with an automatic detection
of convergence (@-30 dB). In order to truncate
outward waves and therefore simulate infinite radia-
tion boundary conditions of the computational do-
main, we used perfect matched layer (seven layers)
[Duan et al., 2008] with 20 cells of free space that
surrounded the voxel domain. All the simulations
were performed using a computer Intel Core i5 at
2.67GHz equipped with 4GB of RAM, NVidia
Geforce GTX 750 GPU card, and Windows 7 Home

Premium x64 operating system. The simulations had
an average duration of 22min. We chose two
positions for the patch antenna for the human model:
the first at eye level, indicated with the term “nasion,”
and the latter at upper torso level, indicated with the
term “torso.” Furthermore, two different orientations
were used: perpendicular orientation (?) and parallel
orientation (//). For each position (nasion- and torso-
level) and each orientation (? and //), we chose two
distances between the human model and antenna:
closer position (near: 8 cm) and farther position (far:
16 cm). Perpendicular orientation of the patch antenna
for the human model represents the exposure scenario
in which the tablet or laptop is placed horizontally,

Fig. 1. Top: E-shaped microstrip patch antenna and its dimensions. F represents feed sinusoi-
dal voltage source; Bottom: left side: Thelonious model with patch antenna at torso-level,
far position, perpendicular orientation; right side: Ella model with patch antenna at nasion-
level, near position, parallel orientation.
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that is, placed on a table or desk. Otherwise,
parallel orientation of the patch antenna for the
human model represents the exposure scenario in
which the tablet or laptop is placed vertically, that
is, held in front of the head. Figure 1 (bottom)
shows two examples of simulation scenario: Thelo-
nious model with patch antenna at torso-level, far
position, and perpendicular orientation; and Ella
model with patch antenna at nasion-level, near
position, and parallel orientation.

For each situation of exposure, local SAR in
the entire model was estimated, specifically the
peak local SAR, and 10 and 1 g averaged SAR.
Afterwards, the magnetic field at the places where
the maximum SAR was reported was estimated
(Bmax).

RESULTS

Table 1 reports the maximum values of local
whole-body SAR (SAR max), 10 and 1 g SAR
values, and maximum values of magnetic field
Bmax, for each human model and each exposure
condition (perpendicular orientation: ?, parallel
orientation: //). All the values reported are normal-
ized for an input power of 1W.

Table 2 shows local whole-body SAR maps
in sagittal and axial planes (where SAR was
maximum) for each human model and each expo-
sure condition (different antenna position and
distance from the human model). For all the cases
described in Table 2, the patch antenna was
oriented in a perpendicular way for the human
model.

Table 3 shows local whole-body SAR maps
in sagittal and axial planes (where SAR was
maximum) for each human model and each expo-
sure condition (different antenna position and
distance from the human model) for parallel
orientation of the patch antenna.

Figure 2 shows two of the simulated exposure
conditions in which the maximum local SAR
values are seen in more sensitive organs (eye and
genitals): sagittal, axial, and coronal planes.

DISCUSSION AND CONCLUSION

In recent years, there has been a massive
increase in the use of wireless communication
systems. These wireless systems, such as LTE and
WiMax, are able to increase the capacity and speed
of mobile telephone networks. This strong growth
has revealed the need to evaluate the human
population’s exposure to RF EM fields. T
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This paper describes numerical evaluation of
SAR produced by a WiMax patch antenna in four
realistic human models using FDTD numerical
method. The FDTD method has been identified, in the
IEEE Standards and Coordinating Committee 28 on
Non-Ionizing Radiation Hazards [2008], as the pre-
ferred method for performing EM simulations for
biological effects from wireless devices. FDTD pre-
dictions have been validated in several works both for
simplistic geometric models [Gaj�sek et al., 2002;

Stavroulakis, 2003] and more complex models such
as human model [Homann et al., 2011; Wang et al.,
2012], which have shown good qualitative and
quantitative agreement. The considered antenna is
typically employed in tablets or laptops and, gener-
ally, is positioned in the upper right side of the
devices.

The SAR values presented in Table 1 have been
normalized to an antenna output power of 1W, while
wireless antennas in laptops or tablets can generally

TABLE 2. Local Whole-Body SAR Maps in Sagittal and Axial Planes (Slices With Max Values) for Each Human Model and
Each Exposure Condition: Perpendicular Orientation

Nasion Torso

Perpendicular (?) Near Far Near Far

Thelonious

Billie

Ella

Duke

Color scale is in arbitrary unit (from purple/minimum to red/maximum).
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operate at a peak power of no more than 100mW.
Typically, a WiMAX antenna radiates a time-massed
average power of 10mW [Guterman et al., 2009;
Findlay and Dimbylow, 2010].

After scaling, the calculated whole-body
SAR exceeds the ICNIRP limits (0.08W/kg) for
only one exposure condition: male child exposed
to EM field generated by the antenna placed at
nasion-level in near position and parallel orienta-
tion (Table 2: SAR max¼ 0.11W/kg @ 10mW).

This is a worst-case scenario at a very close
distance (8 cm).

For all other cases, whole-body SAR and 10 g
localized SAR do not exceed the safety limits.

Regarding the localization of the maximum
values of SAR, Tables 2 and 3 show the “hot spots”
for each exposure condition simulated in this study. It
is possible that in some scenarios, maximum RF
energy absorption is located in more sensitive organs,
such as eyes and genitals. For example, maximum

TABLE 3. Local Whole-Body SAR Maps in Sagittal and Axial Planes (Slices With Max Values) for Each Human Model and
Each Exposure Condition: Parallel Orientation

Nasion Torso

Parallel (//) Near Far Near Far

Thelonious

Billie

Ella

Duke

Color scale is in arbitrary unit (from purple/minimum to red/maximum).
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value of local SAR is found in eye tissues for the
following cases: Thelonious, nasion-level, near and
far position, parallel orientation; Billie, nasion-level,
near and far position, perpendicular, and parallel
orientation. It has been established that one of the
most sensitive organs for EM wave exposure is the
human eye [Ng et al., 2012] and that the organ most
sensitive to temperature is the eye lens [Markov,
2017].

The maximum SAR value is localized in genital
organs when the male child model is exposed to the
RF field generated by the E-shaped antenna, in
perpendicular orientation at torso-level and at far
position. This exposure condition represents a very

likely scenario in daily life because it simulates the
use of a laptop or tablet resting on a desk with the
child standing in front of it. For this reason, this result
needs particular attention since many studies have
shown that EM fields can have destructive effects on
male and female genital systems [Avendano et al.,
2012; Shokri et al., 2015; Asghari et al., 2016].

Moreover, we found some exposure scenarios in
which the maximum SAR value occurs in breast
tissues when female models (Billie and Ella) were
exposed to the EM fields at torso-level, at near or at
far position, in parallel orientation. Since some cases
of breast cancer due to prolonged contact between
breast and EM RF field generators (cellular phones)

Fig. 2. Maximum local SAR in sagittal, axial, and coronal planes: (a) Thelonious, torso-level,
far position, perpendicular orientation; (b) Billie, nasion-level, near position, parallel orienta-
tion. Color scale is in arbitrary unit (from purple/minimum to red/maximum).
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are present in the literature [Sage and Carpenter,
2009; West et al., 2013], this exposure condition
should also be addressed in order to avoid any
potential hazards, especially in teenagers, where
growing breast tissue that occurs during puberty may
be particularly vulnerable to EM exposure [West
et al., 2013].

This study has one limitation since we used only
the standing position for our human models without
considering any different kind of posture such as
sitting position or typing position. SAR values and
locations could depend on the human model position
[Guterman et al., 2009] and any additional elements
such as laptop/tablet housing [Guterman et al., 2009].

In conclusion, the results of our study show the
importance of simulating exposure taking into account
the antenna-body mutual position for the exact
localization of maximum SAR values (“hot spots”).
Although the average SAR values do not exceed the
recommended limits for all simulated exposure con-
ditions except one, the maximum SAR values in some
scenarios are located in more sensitive organs, which
are the eyes, genitals, and breast. This is particularly
important for children. Their entire organism is in a
process of development and it is not possible to
predict long-lasting problems that might occur as a
result of exposure to EM fields at an early age.
Nevertheless, recently Barnes and Greenenbaum
[2016] presented possible theoretical mechanisms and
experimental data concerning long-term exposures to
RF magnetic fields, speculating that they can be
responsible for changing in radical concentrations.
Moreover, the values for the SAR reported here are
expected to be in a range that could change the
concentration of reactive oxygen species, and long-
term exposures may be significant for some health
effects [De Iuliis et al., 2009; Kang et al., 2014; Wang
and Zhang, 2017].

Hence, until a more exhaustive monitoring of
the potential risk of exposure from wireless-enabled
devices is available, exposures of the young should be
As Low As Reasonably Achievable (ALARA). To
prevent any potential hazard and damage from the use
of wireless devices, some simple rules, such as
keeping the device as far away as possible from the
eyes, genitals, and breast, should be established.
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